Cu 2 ZnSnS 4 (CZTS) is a promising non-toxic and cheap absorber layer for the use in photovoltaic cells. In this work copper, zinc and tin xanthates were synthesised and deposited using a single-source spray coating technique to produce CZTS thin films, to investigate how the ratio of these precursors can alter the performance of the device. It was determined that using a tin rich xanthate precursor mix resulted in the thin film with the chemical composition closest to CZTS, with few contaminating phases (i.e. Cu 2-x S, Cu 2 SnS 3 and ZnS). To explain this observation, isothermal thermal gravimetric analysis was used to determine rate constants for the decomposition of these xanthate precursors. The rate constants of copper xanthate and zinc xanthate align very well (1.26 and 1.24 s -1 respectively). However, the rate constant for tin xanthate differs significantly (1.09 s -1 ). Therefore, to form the appropriate ratio in the final product, a tin rich precursor mixture is required. This tin rich xanthate sample was shown to have a band gap of * 1.73 eV and a power conversion efficiency of 0.15 %.
need for an additional sulfur source. 23 Therefore, it is highly beneficial to select an appropriate precursor for 24 the single-step deposition of CZTS active layers, while also utilising a highly 25 scalable process. Furthermore, the selected precursor should preferably func- 26 tion as a low temperature precursor, as it has been well reported that high 27 temperatures can result in the loss volatile components (such as SnS and S) 28 damaging the stoichiometry of the CZTS active layer [18, 20, [22] [23] [24] . 29 Metal xanthates have been used as a low temperature single-source pre- 30 cursor to form metal sulfides, with the general formula [M(S 2 COR) n ], where 31 R is an alkyl group, and have been shown to be viable precursors for Cu 2 ZnSnS 4 32 [21, [25] [26] [27] [28] [29] . It has been suggested that metal xanthates decompose via the 33 Chugaev elimination reaction [30] , as shown in Figure 1 . This reaction mechanism consists of three steps: 35 1. A syn-elimination of an alkene via a 6-membered cyclic transition state. 36 2. Carbonyl sulfide elimination. 37 3. A hydrogen sulfide elimination process. 38 By combining metal xanthate precursors with spray coating, a smooth 39 transition from the laboratory scale to an industrial scale can be easily fa- 40 cilitated [1] , as metal xanthates allow for the straightforward deposition of 41 metal sulfide thin films, without the need of an additional expensive or time 42 consuming method. 43 Fischereder et al. first presented the synthesis and characterization of 44 these new metal xanthate precursors and the preparation of CZTS films, us- 45 ing Cu( i HexXan), Zn( i HexXan) 2 , and [SnS 2 ( i HexXan) 2 ]; where ( i HexXan) 46 refers to S 2 COCH(CH 3 )C(CH 3 ) 3 [3] . Despite the CZTS films being stoichio-47 metrically accurate, exhibiting a very high absorption coefficient (>2x10 5 48 cm -1 ) and a band gap of 1.31 eV, the reported efficiencies were roughly 0.1 % 49 [3] . Since this, other xanthate precursors for depositing CZTS have been syn-50 thesised and demonstrated, however, no attempt has been made to improve 51 their power conversion efficiency [1, 28] , leaving a large scope for the investi-52 gation into depositing CZTS solar cells via xanthate precursors, addressing 53 key areas and aspects for improving this highly commercial approach. 54 Furthermore, despite the successful demonstration of CZTS deposition via 55 xanthate precursors, many difficulties remain in controlling this deposition 56 [1, 3, 28] . These challenges are related to matching the temperature window 57 for decomposition and the kinetics of these decomposition processes [28] . 58 a well-established phenomena and is attributed to the reduction of the formed 93 copper (II) xanthate to copper (I) xanthate via a self-redox reaction, with 94 metal-free xanthate dimers ((S 2 COR) 2 ) remaining as a byproduct [3, 34] . Prior to deposition, each substrate was ultra-sonically cleaned in ethanol 120 for 10 minutes. After cleaning, the substrates were dried and an inert gas 121 was blown onto the films to ensure no remaining dirt was trapped. 
147
TGA data was collected on SII 6300 EXSTAR in an air atmosphere be-148 tween 50-300 o C, increasing by 5 o C/minute.
149
The thickness of active layer surfaces were characterised in air using Veeco 150 3100 scanning probe microscope (SPM).
151
Optical characteristics of the samples were measured at room temperature 152 using a Cary 5000 UV-vis absorption spectrometer at a rate of 400 nm/s, 153 between 350-750 nm. One cycle was taken for each sample. Figure 1 ) [30] . SnXan also shows a similar three step decomposition 180 as CuXan (as shown by blue numbers in Figure 2 ). It can also be seen that Table 1 ). and therefore the devices. Table 2 shows the name used to identify the seven sample, which appears the most crystalline out of the samples.
187
217 Figure 4 b) shows that these crystal phases appear to be a blend of Cu-218 rich and Sn-rich areas, suggesting further detrimental phases to be present 219 within the device. These detrimental phases are likely to be copper sulfide 220 (Cu 2-x S) and copper tin sulfide (Cu 2 SnS 3 ), as these have also been previously 221 noted in CZTS active layers [32, 35, 36] .
222
To confirm the presence of these additional phases XRD was conducted 223 on the deposited samples. Figure 5 shows the XRD diffractogram for CZT, 224 with the position of each phase noted on the pattern. Figure 6 shows a 225 comparison for samples with varying Cu, Zn and Sn compositions.
226
In Figure 5 reported that Cu to determine the variation in crystal phase.
240
From Figure 6 a) , it is apparent that there are two significant variations mix results in increased intensity for these peaks. Therefore, the increase in 245 CuXan within the material causes the additional phase of Cu 2 SnS 3 to become 246 more prevalent, which could act as a barrier for carrier transport [36] . revealed an additional kerestite peak (as seen in Figure 6 ), which could 274 suggest a higher quality CZTS precursor mix.
275
To further understand the potential these active layers have as photo-276 voltaic devices, optical investigations into the chemical compositions were 277 undertaken. Absorbance spectra were collected for each sample, to study the 278 optical properties of the active layers (see Figure 7 ). The first key observation seen in Figure 7 relates to the varying inten-280 sity in absorbance between the active layers. While it can be stated that 281 the absorbance intensity is affected by the thickness (see Table 2 ) of the 282 active layer, as the thickest layer (CZT2) has the highest absorbance and the and 6c)) it can be stated that these three samples have fewer additional 296 crystal phases, with a crystal structure that more closely resembles that of 297 CZTS. Furthermore, visually these three samples (CZT, CZT2 and C0.5ZT) 298 look similar, as confirmed by SEM images (Figure 3 a) , e) and f )).
299
It is suggested that the observed UV-vis absorbance profile is due to the 300 increased presence of the CZTS crystal phase, as the spectra match previously 301 obtained spectra of CZTS [32] . Tauc plots were then generated to calculate 302 the band gap of each active layer, extrapolating the band gaps from the 303 straight lines seen in Figure 8 .
304
The value of the band gaps calculated for CZT, C2ZT and CZ2T all fit 305 within the same region of roughly 1.93 eV, while CZT2 exhibits the lowest 306 value of 1.73 eV (see Figure 8 a) ). This has previously been attributed 307 to the fewer impurities within the active layers, especially the formation of 308 Cu 2-x S [17, 32] . This would also mean that the two bumps, seen at at 2θ= 309 25 and 30 o on the CZT2 diffraction pattern (Figure 6 c) ) can also be 310 attributed to CZTS kesterite peaks that appear in similar areas. additional SnXan is required to yield results similar to that expected for 318 CZTS. Therefore, it can be deduced that the composition of these films will 319 still be affected by the rate in which these components decompose. 320 Figure 8 : Tauc plots of a) increased metal load for CZTS solar cells and b) decreased metal load for CZTS solar cells. Band gap values are given in the legend.
Kinectic analysis of decomposition 321
In order to work out the rate constants for the decomposition for each 322 of these precursors, and therefore make a comparison based from this ki-323 netic component, isothermal TGA measurements were taken at 160 o C (the 324 deposition temperature used in the previous depositions) for each precursor.
325
The first step towards making these calculations is to plot a graph of β 326 against time. β is dependant on weight loss and is calculated by:
where wi is the initial weight, wt the weight at each time and wf the final 328 weight.
329
These isothermal scans then require additional analysis to yield insight 330 into the mechanism of thermal degradation. It is generally seen that materials 331 follow [38] :
where t is time, k(T) the kinetic rate constant at the analysed temperature 333 and n the order of reaction.
334
It is important to note that this rate term is temperature dependant and 335 is expressed by k(T ) [39] . In order to extract useful data from the graph it 336 needs to be linearised, to achieve this the kinetic standard method was used, 337 using the following equation [38] :
A plot of ln(δβ/δt) vs ln(1 − β) results in a gradient of n (giving the units 339 for k) and an intercept that allows for the calculation of k. This is shown 340 graphically in Figure 9 .
341
Following this approach it was shown that the rate constants of CuXan to allow for the correct chemical composition. However, this is not an effective It was noted that only one precursor mixture (CZT2) resulted in a func-381 tional photovoltaic device (as shown in Figure 10 within the device. As recombination occurs at grain boundaries [37] , the 400 polycrystalline bumps (at 2θ= 25 and 30 o in Figure 6 c)) would suggest 401 smaller crystal sizes and therefore more recombination sites, leading to a 402 lower FF. It is possible to improve this by increasing the decomposition tem-403 perature used, or adding an additional annealing step, as this has previously 404 been shown to increase crystallinity [3, 43] .
405
Furthermore, it is important to point out that the performance of typical 406 CZTS devices are also limited by a Voc deficit, dominated by heterojunction 407 interface recombination [15] . Therefore, it is important to further optimise 408 the design of these devices and reduce detrimental secondary phases. Table 2 , with only CZT2 showing significant photoactivity.
429
The produced device displayed an improved Power Conversion Efficiency for 
